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ABSTRACT

Quasi-staticloadcycletestingof a 6-in.-thickrein-
forcedconcreteshearwall structureis detailedin this
report. The backgroundof thisprogramand resultsthat
led to this seriesof experimentsare reviewed. Geometry
of the test structure,designparameters,preliminarymodal
testingand analysisto verifyundamageddynamicproper-
ties,materialpropertytests,instrumentationand results
of this data reductionfor stiffness,crackingvalues,and
energylossesare given.

Resultsare comparedwith otherinvestigators’results,
as well as with the AmericanConcreteInstitute318-349code
predictions.
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STATICLOADCYCLETESTINGOF A
LOW-ASPECT-RATIOSIX-INCHWALL,
TRG-TYPESTRUCTURETRG-4-6

(1.0,0.25)

by

CharlesR. Farrar,
JoelG. Bennett,
Wade E. Dunwoody,

and
HilliamE. Baker

I. INTRODUCTION

Previouswork that has been carriedout at LosAlamosNationalLaboratory

(LANL)as partof the SeismicCategoryI StructuresProgramfor the U.S.
NuclearRegulatoryCommission(NRC)Officeof NuclearRegulatoryResearchhas
consistentlymeasuredstiffnesseslessthan strength-of-materialstheorywould
predictin scalemodelsof low-aspect-ratioshearwall structuressubjectedto
workingloads. In this context,workingloadsreferto load levelsequivalent
to thoseexperiencedby a structureduringan operatingbasisearthquake,which
wouldproducestresseson the orderof 50-psiaveragebase shear. The models

testedthus far have beenmade of bothmicroconcreteand conventionalconcrete
and have been testedstaticallyand seismically.
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Upon reviewof theseresultsat the TechnicalReviewGroup (TRG)meeting
of April4, 1986,it was decidedto extendthe experimentalinvestigationof
this reducedstiffnessIssueby performinga seriesof quasi-staticloadcycle
testson structureswith the cross-sectionalgeometryof the structures
previouslyrecommendedby thisgroup(Ref.1). The test structureswere to be
constructedwith differentaspectratiosand reinforcementpercentagesso that
variationsIn theseparametersthatexistin actualcategoryI structurescould
be takenintoaccountin the experimentsand the sensitivityto thesevariables
couldbe identified.

One of the purposesof thesetestswas to investigatethe possibi1ity
that,at equivalentstresslevels,a similarreductionin stiffnessoccurs
duringstatictestingas has beenobservedduringdynamictesting.* In
addition,the structureswere to be instrumentedso that the contributionto
bendingstiffnessof the flexuralboundaryelements(shearwalls in orthogonal
planes)couldbe assessed. The structureswere also instrumentedso that the
shearand bendingcontributionsto the totalstiffnesscouldbe measured
separately.The separationof the shearand bendingcomponentsof stiffness
540 intendedto provideadditionalinformationconcerningthe mechanismfor
the reductionin stiffness.

A statisticallyplannedtestmatrixcoveringheight-to-lengthaspect
ratiosfrom0.25 to 1.0 and percentagereinforcementrangingfrom0.25%to
1.0%in eachdirectionwas developed(AppendixA). The firststructurein the
sequencewas constructedwith an aspectratioof 1 and a percentagereinforce-
ment of 0.25% in eachdirection. To remindthe readerof the testgeometries’
basiccharacteristics,we will adoptthe followingnotation:

TRG-No.-W (AR,%R)--sometimesabbreviatedas TRG-No---
where,

TRG = the designationfor the seriesof structuresdesignedand tested
usingguidancefromthe program’sTechnicalReviewGroup,a group
of nationallyrecognizedexpertson nuclearstructures,

*Previouscomparisonsbetweenstaticand dynamictestsof isolatedshear
walls,l/30-scale,single-story,dieselgeneratorbuildingsand the TRG-1
structurehave shownthatthe reductionin stiffnesswas muchmore pronounced
in dynamicteststhan in statictestsat similaraveragebase shearstress
levels. Thesestructureswere all small-scalemicroconcretemodels.
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No. = the sequencenumberin the series,
Wt = the shearwall thickness,
AR = the height-to-lengthaspectratioof the shearwall,and
%R = totalpercentageby areaof steelreinforcingin both directions.

Thus,this letterreportconcernsTRG-4-6(1.0,0.25).
A wall thicknessof 6 in. was used so that reinforcementcouldbe placed

In two layersto furthersimulateactualshearwall construction.This report
will summarizethe resultsfrom this firsttest in the recommended
statisticallyplannedexperimentset.

II. BACKGROUND

The SeismicCategoryI StructuresProgramis beingcarriedout at LANL
underthe sponsorshipof the NRC’sOfficeof NuclearRegulatoryResearchand
has the objectiveof investigatingthe structuraldynamicresponseof Seismic
CategoryI reinforcedconcretestructures(exclusiveof containment)thatare
subjectedto seismicloadsbeyondtheirdesignbasis.

A numberof meetingsand interactionswith the NRC staffhave led to a
set of specificprogramobjectives,whichare as follows:

1.

2.

3.

4.

5.

6.

to addressthe seismicresponseof reinforcedconcreteCategoryI
structures,otherthancontainment;
to developexperimentaldata for determiningthe sensitivityof
structuralbehaviorin the elasticand inelasticresponserangeof
CategoryI structuresto variationsin configuration,design
practices,and earthquakeloading;
to developexperimentaldata to enablevalidationof computerpro-
gramsused to predictthe behaviorof CategoryI structuresduring
earthquakemotionsthat causeelasticand inelasticresponse;
to identifyfloorresponsespectrachangesthatoccurduringearth-
quakemotionsthat causeelasticand inelasticstructuralresponse;
to developa methodfor representingdampingin the inelasticrange
and to demonstratehow thisdampingchangeswhen structuralresponse
goes from the elasticto the inelasticranges;and
to assesshow shiftsin structuralfrequencyaffectplantrisk.
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A principalcharacteristicof the typicalstructureunderinvestigation
Is that shearratherthan flexureis dominant;that is, the ratioof displace-
ment valuescalculatedfromtermsidentifiedwith sheardeformationto the
valuescontributedfrombendingdeformationis one or greater;thus,these
buildingsare called“shearwall” structures.

The SeismicCategoryI StructuresProgrambeganin FY 1980with an invest-
igationthat identifiedthe typicalshearwall structureof a nuclearfacility
and Its characteristics(stiffnesses,frequencies,etc.)as areaswhere
designersof facilities(BechtelCorporation,Sargent& Lundy,and Tennessee
ValleyAuthority)feltadditionalexperimentaldatawere needed. A combined
experimental/analytical plan for investigationof the dynamicbehav;orof these
structureswas laidout as describedin Ref.2. Duringthe firstphase,the

- programconcentratedon investigatingisolatedshearwall behaviorusingsmall
models(1/30-scale,I-In.-thickwalls)thatcouldbe economicallyconstructed
and testedboth staticallyand dynamically.Also,duringthisphaseof the
program,a TRG, consistingof nationallyrecognizedseismicand concrete
expertson nuclearcivilstructures,was establishedboth to reviewthe
progressand to make recommendationsrega:dingthe technicaldirectionsof the
program. The recommendationsof thisgrouphave beenevaluatedin lightof
the needsof the NRC and,wherepossible,have been carefullyintegratedinto
the program.

Followingthe isolatedshearwall phase,the programbegantestingand
evaluatingthree-dimensionalbox-likemodelstructures.It was recognized
from the outsetthat scalemodeltestingof concretestructuresis a
controversialissuein the U.S. civilengineeringcommunity. Thus,alongwith
the testingof small-scaletest structures,a taskof demonstratingscalability
of the resultsto prototypestructureswas initiated.The detailsand results
of theseinvestigationsare reportedin Refs.3-8.

To give a briefsynopsisof the situationat the end of FY 1984,the pro-
gram had tested(in additionto the isolatedshearwalls),eitherstatically
or seismically,23 differentmodelsrepresentingtwo typesof structure--a
dieselgeneratorbuildingand an auxiliarybuilding. Two differentscales

[(1/30,1/10)and (1/42,1/14)1of thesebuildingswere used (l-in.and 3-in.
walls). In addition,storiesvariedfromone to three. Althougha numberof
resultson items,suchas aging(curetime)and effectof increasingseismic
magnitude,have been reported,two importantand consistentconclusionscame
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out of the data fromthesetests. First,the scalabilityof the resultswas

illustratedboth in the elasticand inelasticrange. Second,the so-called
“workingload”secantstiffnessof the modelswas lowerthan the computed
uncrackedcross-sectionalvaluesby a factorof about4.

Duringtheirreview,the TRG pointedout the following:
1. Designof prototypenuclearplantstructuresis normallybasedupon

an uncrackedcross-sectionstrength-of-materialsapproachthatmay
or may not use a “stiffnessreductionfactor”for the concrete.
But, if sucha factoris used,it is neveras largeas 4.

2. Althoughthe structuresthemselvesappearto haveadequatereserve
margin(evenif the stiffnessis only 25% of the theoretical),any
pipingand attachedequipmentwill havebeendesignedusinginappro-
priatefloorresponsespectra.

3. Giventhata nuclearstructuredesignedto have a naturalresponse
of about 15 Hz reallyhas a naturalfrequencyof 7.5 Hz (correspond-
ing to a reductionin stiffnessof 4) and allowingfurther
that the naturalfrequencywill decreasebecauseof degradingstiff-
ness,the naturalresponseof the structurewill shiftwell down into
the frequencyrangefor whichan earthquake’senergycontentis the
largest. Thiswill resultin increasedamplificationin the floor
responsespectraat lower
significantimpacton the
spectraand theirmargins

All threepointsare relatedto the

frequencies,and this factpotentiallyhas
equipmentand on the pipingdesignresponse
of safety.
differencebetweenthe measuredand calcu-

latedstiffnessesof thesestructures.
Havingmade theseobservations,severalquestionsarose. Did our pre-

viousexperimentaldata takenon microconcretemodelsrepresentbehaviorthat
wouldbe observedin prototypestructures?What is the appropriatevalueof
the stiffnessthat shouldbe used in designand for componentresponsespectra
computationsin thesestructures?Shouldthisvaluebe a functionof load
level? Have the equipmentand pipingin existingbuildingsbeen designedto
inappropriateresponsespectra?

Thus,the primaryprogramemphasisat thattimewas to ensurethe credi-
bilityof previousexperimentalworkby beginningto resolvethe “stiffness
difference”issue. The TRG for this programbelievedthat this importantissue
had to be addressedbeforethe programobjectivescouldbe accomplished.

5



To addressthesestiffness-relatedconcerns,it was agreedthat a series
of credlbllltyexperimentsshouldbe carriedout usingboth large-and small-
scalestructures.For the large-scalestructure,the TRG set limitationson
the designparameters.The recommended‘ideal”structurecharacteristics,in
orderof decreasingpriority,were as follows:

1. maximumpredictedbendingand shearmode naturalfrequency~30 Hz,
2. minimumwall thickness= 4 in.,
3. height-to-depthratioof shearwall<1,
4. use of actualNo. 3 rebarfor reinforcing,

5. use of realisticmaterialfor aggregate,
6. use of 0.1-1%steel(0.3%eachface,eachdirection,i.e.,0.6% total

eachdirection),and
7. use of water-blastedconstructionjointsto ensuregood aggregate

interlock.
A prototype“TRG”structuredesignedto complywith thesespecifications

(Fig.1) was constructedusingactualbatchplantconcreteand No. 3 rebar.
In addition, a l/4-scale modelof the TRG structurewas constructedwith
microconcreteand wiremesh rebarand was testedbeforethe prototypewas
constructed.Both structureswere testedstaticallyand then seismicallyto
failureor, In the caseof the prototype,to machinelimits. The l/4-scale
modelwas TRG-1-1(1.0,0.6),and the prototypewas TRG-3-4(1.0,0.56). A
secondl/4-scalemodel,TRG-2-1(1.0,0.6),was constructedand partially
tested. Thatmodelhad obviousvisualflaws(crackedsections)upon form
removaland was neverfullytestedor reported.

Thesetestswere intendedto showthat the previouslyobservedreductions
in stiffnesswere not relatedto the use of microconcreteand that the static
and dynamictest resultsof the microconcretemodelscouldbe scaledto conven-
tionalconcretestructures.

Duringthe statictests,the l/4-scalemodel,TRG-1-1(1.0,0.6),showed
resultssimilarto thoseof the prototype,TRG-3-1(1.0,0.5,6),for stiffness
and suggestedthat,for low-levelstaticresponse,the microconcretemodeldid
an adequatejob of predictingthe responseof the conventionalconcreteproto-
type. A low-force-levelexperimentalmodalanalysisperformedbeforeseismic
excitationshowedresultsconcerningstiffnessand scalabilitysimilarto those
of the statictest.
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Fig. 1. PrototypeTRG structure.

When the structureswere testeddynamically on a shaketable,bothmodels
showedreductionsin stiffnessconsistentwith previoustest data,implying
that the reducedstiffnesscouldnot be attributedto microconcrete.The
prototypeTRG structurewith its addedmass was too largeto make reproduction
of the inputsignalpossible. This inputsignalwas a scaledversionof the
one usedon the l/4-scalemodel,and,becauseit couldnot be accuratelyrepro-
duced(frequencycontentof the signalwas distorted),conclusionsconcerning
the scalabilityof seismicresponsebetweenthe conventionalconcreteprototype
and the microconcretemodelcouldnot be made. The resultsof thesetests

appearin detailin Refs.5 and 8.
At the TRG meetingon December19, 1986,the groupsuggestedthata

reducedstatisticalplan be carriedout. The TRG was not concernedwith the
technicalmeritof the matrixof AppendixA but ratherwith the timeand cost
requiredto successfullycompletethe testmatrix. The TRG was also concerned

7



with the deviationfromoriginalprogramobjectives.The TRG suggestedthat
one othermodelwith an aspectratioof 0.25 be staticallytested,as well as
a modelidenticalto TRG-3-4(1.0,0.56),and thisplanwas adopted.

III. REVIEWOF PREVIOUSSTATICTEST RESULTSOBTAINED
IN THE SEISMICCATEGORYI STRUCTURESPROGRAM

Previouslyin thisprogram,measuredstiffnessvaluesfrom staticand
dynamictestshave been comparedwith theoreticalvaluesthatwere determined
usinga modulusof elasticitycalculatedfromthe empiricalformulain American
ConcreteInstitute(ACI)349-85.9 This empiricalformulagenerallygave a
highervaluefor the concrete’smodulusthanwas measuredfromtest ‘-’
specimens. In the followingsummaryof previoustest results,theoretical
stiffnessvalueswere determinedusingmeasuredmoduli. This investigationis

concernedwith determiningthe propervaluesof stiffnessto be used in the
analysisof SeismicCategoryI structures;hence,it is feltthat the best
estimateof actualmaterialpropertiesshouldbe usedwhen experimental
resultsare comparedwith theory. The previouslyreportedcomparisonsbetween
measuredand theoreticalstiffnessdo, how~ver,provideinformationconcerning
errorsthat couldoccurduringthe designprocesswhenmaterialproperties
haveyet to be measured. TableI summarizesthe previousresultsusingboth
the measuredand designvaluesfor the concrete’smodulus.

A. Iso ate1 d ShearHalls
The firststatictestswere performedon single-storyisolatedshearwalls

and were reportedin Ref.3. Fivewallswere tested,two monotonicallyand
threecyclically.Thesespecimensweremade withmicroconcreteand wire mesh
reinforcement.The amountof reinforcementat the interfaceof the shearwall

baseand shearwall top platewas variedalongwith the amountof moment
reinforcementin the formof threadedsteelrods locatedat the endsof the
shearwall.

All specimensremainedessentiallylinearup to a loadproducingan aver-
age base shearstress(ABSS)of 200 psi and a principaltensilestress(PTS)of
600 psi or more. The loadat firstcracking,as predictedfroma strength-
of-materialsapproach,agreedverywell with themeasuredcrackingstrengthof
the wal1s and the averagesplitcylindertensilestrengthof 666 psi. Also,
when the wallswere subjectedto repeatedloadcyclesbelowthe firstcracking
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TABLEI

PREVIOUSSTATICTEST RESULTS

Measured Ultimatea Theoretical Theoretical
StiffnessCompressiveStiffnessUsingStiffnessUsing Ratioof
before Stre?gth Measured ACIEmpirical Columns
Cracking Modulus Modulus
(1b/in.) (L~i) (1b/in.) (1b/in.) 2,2 33

1 2 3 1
IsolatedShearWalls:

1 0.78 X 106 4.34 1.60 X 10s 2.33 X 10s 2.05 2.99 0.69
2 0.79 x 106 5.89 2.71 X 10s 3.43 -
3 1.0 x 106 7.35 1.90x 106 3.03 x 106 1~90 3.03 0.63
4 1.06 X IOS 6.86 2.92 X 10s
5 0.87 X 106 6.31 1.75x 106 2.80 X 10s 2~02 ;:~j 0~63

l/30-scale,l-Story,
DieselGeneratorBuildings:

3D-2
3D-4
3D-7
3D-8
3D-9
3D-10
3D-11
3D-12
3D-13
3D-19
3D-20

0.76 X 106
1.74x 106
0.92 X 10s
0.80 X 10s
1.67 X 106
1.14x 106
0.92 X 10s
1.23 X 10s
0.88 x 106
0.80 X 10s
1.08 X 10s

2.70 2.25 X 10s
3.32 4.82 X 10s
2.35 2.45 X 10s
2.30 2.36 X 106
2.69 4.62 X 106
3.27
3.09
2.05
2.04
4.70
4.30 3.22~ 106

2.90 X 10s
6.08 x 106
2.71 X 10s
2.68 X 106
5.47 x 106
3.19 x 106
3.11 x 106
2.53 X 106
2.52 X 10s
3.83 X 10s
3.65 X 10s

2.96 3.82 0.78
2.77 3.49 0.79
2.66 2.95 0.90
2.95 3.35 0.88
2.77 3.27 0.84

2.80 -
3.38 -
2.06 -
2.86 -

2;98 $;: 0~88

TRG-1 0.92 X 106 3.77 1.2 x 106 1.3 x 106 1.25 1.38 0.92
TRG-3 4.4 x 106 3.81 3.0 x 106 5.0 x 106 0.68 1.13 0.60

aThe empiricalmodulus,Ec is 57,000~, and the measuredmodulus,
ACI’

Ecm,can be computedby the followingformula:

StiffnessCol. 2
Ec =

)
57,000K~ (StiffnessCO1. 3 “

m

bBaseijon the gross section.
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load,therewas no evidenceof stiffnessdegradationor of increaseIn the
areaof the hysteresisloopfor a givenloadlevel. Above the firstcracking
load,stiffnessdegradedand the areaof the hysteresisloopincreasedwith
increasedloadand increasedcyclesat a constantload. The ultimatestrength
of the wallsexceedsthe provisionsfor shearcapacityas determinedby ACI
349-8511.10. The measuredstiffnessesin the linearregionwere down by a
factorof 1.90to 2.05 from the calculateduncrackedcross-sectionstiffness
usinga measuredmodulus.

When normalizedto a commonmodulusof elasticity,thesestaticstiffness
valuescan be comparedwith thosemeasureddynamicallyduringsine sweepand
simulatedseismictestsof similarmodels. At forcelevelsthatwere 10% of
the loadrequiredto producefirstcrackingin the statictest,stiffness
measuredduringboth the sinesweepand simulatedseismictestswere reduced
considerablyfromthe statictestsand even furtherreducedfrom the calculated
uncrackedcross-sectionvalue. The sinesweepand seismicstiffnessvalues
were lowerby an averagefactorof 6.95and 3.85 from the calculateduncracked
value,respectively,and down by an averagefactorof 2.93 and 1.86from the
averagemeasuredstaticvalue.

B. l/30-Scale.Sinale-Story.DieselGenerator Buildinas
Elevenl/30-scale,single-story,dieselgeneratorbuildingswere stati-

callytestedto failureand are reportedin Ref.4. Ninemodelswere tested
monotonically,eightin the transversedirectionand one in the longitudinal

direction. Two modelswere testedcyclically,one each in the transverseand
longitudinaldirections.Thesespecimenswere all made withmicroconcreteand
wire mesh reinforcement.Otherthan the directionof appliedload,the only
parametersthatwere variedIn thesetestswere the amountof cure time each
modelexperiencedbeforetestingand the distancethe reinforcementwas
embeddedin the baseof the structure.

As with the isolatedshearwalls,all specimensremainedlinearup to the
loadthat producedcracking. This loadproducedan ABSS on the orderof 200
psi and a PTS on the orderof 340 psi. At a givenloadlevelbelowthe first

crackingload,the area underthe hysteresisloopremainedconstantwhen the
loadwas cycled,and the stiffnessremainedconstant. Above the cracking
load,stiffnessagainwas observedto degrade,and the areaof the hysteresis
loop increasedeitherwith increasesin loadlevelor increasesin the number

I
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of loadcycles. The loadat firstcrackingwas in goodagreementwith the
valuepredictedfrom strengthof materialsand with the measuredtensile
stressof the concrete. Provisionsfor the shearcapacityof the wallsfrom
ACI349-85 were exceeded. Stiffnessbasedon a secantfrom the originto half
the ultimateloadwere down by factorsrangingfrom2.7 to 3.0 when compared
with the calculatedstiffness,baseduponan uncrackedcross-sectionand a
measuredmodulus.

When similarmodelswere testeddynamicallywith a 0.5-gpeak acceleration
randominput,producingan ABSS of 6.3 psi and a PTS of 10.6psi, the models
were againfoundto behavewith a stiffnessdown by a factorof 2.9 to 3.8 from
the strength-of-materialspredictionusinga measuredmodulus.

The momentof inertiaused in the calculatedstiffnessvalueconsidered
the entireend wall to contributeto the flexuralstiffnessof the shearwal”
and the modulusof elasticitywas basedupon the measuredvalues. No effect
from cure timeor embedmentlengthwas observed.

c. TRG-Tv~eStructures
TRG-3and its two l/4-scalemodels,TRG-1and -2, were testedstatically

and monotonicallyat low-loadlevelsthatproducedan ABSS of 28 psi and a PTS
of 40 psi on TRG-3and an ABSS of 53 psi and a PTS of 80 psi on TRG-1and -2.
Thesetestswere repeatedseveraltimesand were Intendedto identifythe
initialstiffnessconditionof eachmodelwhileintroducinga minimumamount
of damageinto the test structure. TRG-3was constructedwith conventional
concreteand No. 3 rebar,and TRG-1and -2 were made with microconcreteand
wiremesh reinforcement.

TRG-3 showeda measuredstiffnessdown by a factorof 1.54from theory,
and TRG-1showeda reductionof 1.25fromtheory. In both cases,the
theoreticalstiffnesswas computedwith a measuredvalueof Ec. (TRG-2was
foundto have significantshrinkagecracks,and resultsfrom thismodelwere
not consideredmeaningful.)Hhen properlyscaled,the staticstiffnessvalues
for the two modelswere in reasonableagreement,showingthat stiffnesscan be
scaledfrommicroconcreteto conventionalconcretein this low-load-level
region. Followingstatictesting,bothTRG-1and TRG-3were also tested
seismicallyand dynamically.When TRG-1was subjectedto a 0.5-gpeak
accelerationrandominput,it respondedwith a stiffnessthatwas downby a
factor of 2.6 from theoryeventhoughthisexcitationproducedonly 16.3psi

11



AEKS and 16.6
selsmlctest.
was down by a
ps~.

ps~ PTS. Similarstiffnessvalueswere obtainedduringa 0.5-g
TRG-3respondedto a 0.73-gseismictestwith a stiffnessthat
factorof 4.0 fromtheoryat an ABSS of 91 psi and a PTS of 92

IV. TRG-4MODELCONSTRUCTIONAND MATERIALPROPERTIES

A primaryconcernin constructionof thismodelwas that it requirea
minimumamountof handlingonce it was built. This requirementwouldeliminate

questionsaboutdamagecausedby handlingas a possiblesourceof any measured
reductionin stiffness. Thus,the modelwas constructedin placeon the base
of the loadframethatwas to be used in the cyclictesting. The loadframe
was designedto keepmaximumbasedeflectionslessthan0.001in. The frame
was locatedin an indoortest facilityso thatconstruction,concreteplace-
ment,curing,and testingof the modelcouldbe performedin a controlled
environment.

The reinforcementin boththe shearwallsand the end wallsconsistedof
No. 3 (3/8-in.diameter)rebarwith a specifiedminimumyield strengthof
60,000psi. The barswere spacedat 14.5in. on centernear both facesof the
walls,providingtwo staggeredlayersof reinforcementin both the horizontal
and verticaldirectionas shownin Fig.2. Boththe amountof horizontaland
verticalreinforcement(0.25%by area,eachdirection)are the minimumallowed
by ACI 349-85,11.10.9.2and 11.10.9.4.Unlessotherwisestated,compliance
with a sectionof ACI 349 impliescompliancewith the same sectionin
ACI 318.10

As shownin Fig.2, a minimum1 in. of coverwas providedfor all rein-
forcement. This amountexceedsthe coverrequirementsof ACI 349-85,7.7 for
interiorwalls,but did not meet the required1.5-in.coverfor exterior
walls. However,becausethismodelwouldremainindoors,it was believedthat
the I.O-In.coverwas sufficientand that the structuralpropertiesof the
wallwouldnot be adverselyaffected.

The top and bottomslabswere heavilyreinforcedwith two layersof No. 4
rebarspacedat 6 in. on center. In additionto meetingthe reinforcing
requirementsof ACI 349, the reinforcementmet the specialprovisionsfor
seismicdesignof ACI 318-83,AppendixA, exceptat the interfaceof the shear
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Fig.2. TRG-4structure.

wal1 and end wal1. ACI 318-83has specialprovisionsfor reinforcingthis

area that are new to the code. However,it is feltthat existingSeismic

CategoryI structures,all of whichwere designedbeforethe adoptionof
ACI318-83, wouldnot have invokedthiscriterion.

Beforeplacingthe concrete,30 Eatonweldablestraingageswere at-
tachedto the reinforcementat the locationsshownin Figs.3-6. The gages
were wrappedwith fiberglasstapeand coatedwith caulkto preventdamage
causedby compactionand moisture.

Next,formwork was put intoplaceon top of the loadframebase. The
bottom18 in. of the interiorwall formswere made of plexiglassso that the
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concreteplacementand compactioncouldbe visuallymonitoredin this struc-
turallycriticalregion. The concretewas placedon December9, 1986; the
firsttruckarrivedat 9:00a.m. containing3 yd3 of concrete. Slumpfrom
this truckwas measuredper ASTM C143-7811and was foundto be 3-1/2in.
Afterdifficultiesoccurredwith the hopperused to transportthe concrete
from the mixerto the model,9 gal.of waterwere addedto the mix, increasing
the slumpto 5 in. This batchof concretewas usedto pour the base and was
then thoroughlycompactedwith mechanicalvibrators. Fourteenstandard
6-in.-diameterby 12-in.-highconcretecylinderswere takenduringthe middle
of thisplacementper ASTM standardsC172-8212and C31-84.13 The second

truckarrivedat 11:15a.m.,approximatelya half hourafterthe placementof
concretefrom the firsttruckwas complete. This truckcontained5-1/2yd3
of concrete. Initially,slumpfromthe second truckwas measuredat 3 in.,

and, afteradding5 gal.of waterto the mix, the slumpwas measuredat
3-1/2in. The concretefrom this secondtruckwas used to completethe model.
Again,14 test specimenswere takenduringthe middleof the placement.

The concretewas specifiedas minimum3000-psiultimatecompressive
strength. Fiveand one-halfsacksof cementwere usedper cubicyard of
concrete,and the cementwas Ideal Type 1-2 low alkali. The courseaggregate
was 0.75-in.maximum,crusherrun,Rio Granderiverrock,and the fine
aggregatewas No. 4 sandwith gradationconformingto ASTM C33-85.14

The test cylinderswere removedfrom theirformsand were placedin a
curingchamberapproximately80 hr aftertheyhad been pouredand remainedin
the chamberfor the next 30 days. Formswere lefton the modeluntil
January6, 28 days afterthe
the top and bottomslabwere
28-dayperiod.

The test cylinderswere

modelwas poured. The exposedsurfacesof both
keptmoistand coveredwith tarpsduringthis

takento AlbuquerqueTestingLaboratories(ATL),
wheretheywere testedon January23-26,1987,45 days aftertheywere orig-
inallycast. To avoiddamageto the specimenswhilein transitto Albuquerque,
a foam-linedtransportationbox was constructedand foamwas placedbetween
eachof the individualcylinders. The testsincludedultimatecompressive
strength(ASTMC39-84),’5modulusof elasticity(ASTMC469-83),16split
cylindertensilestrength(ASTMC496-85)17and density. Ten specimensfrom
each truckwere testedfor ultimatecompressivestrengthand modulusof
elasticity,and four specimensfromeach truckwere testedfor tensile

15



strength. The specimenswere weighedto the nearest0.01 lb. The resultsof
the testsare summarizedin Table II, and the reportfrom the testinglab is
includedas AppendixB.

TABLE II

MEASUREDMATERIALPROPERTIES
b c

Density Ultimatea Tensile Modulus of ,d
Compressive Strength Elasticity 57,000 hc ~3w312 &’d

(lb/fta) Strength (psi) (psi) (psi) (psi) (psi) c

Average Truck 1 137 3936
Minimum

350 3.O9X1O6
136

3.5L3x106
3767

3.33X106

Maxfmum
302 2.96X106

138
3.5ox1o6

4173
3.25x106

384 3.19X106 3.68x106 3.42x106

Average Truck 2 139 4368 364
Minimum

3.36X106
138

3.77x106
3961

3.5I3x106

Maximum
348

140
3.11X106 3.59x106

4562
. 3.4OX1O6

386 3.71X106 3.85X106 3.65x106

Ave. Both Trucks 138 4152 357 3.23x106 3.67X106 3.45X106

F2 Measuredon 6-in.-diameter x 12-in. specimens per ASTMC39-84.
b Measuredon 6-in.-diameter x 12-in. specimens perASTM C496-85.
C Measuredon 6-in.-diameter x 12-in. specimens per ASTMC469-83.
d Modulus of elasticity determined per ACI 349-85,8.5.1.

On January15, 1987,LukeSnell,a facultymemberat Southern1“
Universityand an experiencedIndependentconsultantin the fieldof

linois
ultrasonic

testingof reinforcedconcretestructures,performedan ultrasonicteston the
model. He beganby visuallyinspectingthe modelfor surfacecracksand found
none. Next,he calibratedhis testingequipmentwith a standardsteelspecimen
and proceededto test the 6-in.-diameterby 12-in.-longtest specimens. The
test consistedof applyingan audiopulseto the end of the specimenand
measuringthe time requiredfor thatpulseto travelover the distanceof the
specimen. From this information,the speed of sound in the concrete can be
estimated and defects in the concrete can be identified whenthe speedIs
alteredas the soundwave cannottravelacrossa void but, rather,must go
aroundit. The cylindersfrom the two differenttrucksshowedno significant

differencein pulsespeed,and testsat differentlocationson the modelthat
were knownto containconcretefromthe differenttrucksshowedno significant

differencein pulsevelocity. Pulsevelocitieswere determinedat 185 loca-
tionson the model,and the resultsare summarizedin Table III. Fromthese
results,Mr. Snellconcludedthat the modelshowedno signsof defectsand
thatmaterialpropertiesdeterminedfromthe cylindertest specimenswould
indeedbe indicativeof the propertiesof the TRG-4structure.Mr. Snell’s

test reportis includedas AppendixC.
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TABLEIII

ULTRASONICTESTINGOF TRG-4

Shear Nest End East End
CYlinders Hall Wall Wall Top* Base*

AveragePulse
Velocity(ft/s) 13,290 13,260 13,235 13,270 14,190 14,770

* The increasedvelocitiesin the
the largeamountof reinforcing

top and basewere causedby
steelin eachof theseslabs.

Other investigations,Ref. 18, havecorrelatedthe speedof soundin con-

creteto the staticmodulusof elasticity.However,theseinvestigationsdo

not specifythe typeof staticmodulus(thatis, initialtangent,secantto
40% of ultimate,etc). A similarcorrelation,made by interpolatingbetween

the datapointsin Ref. 18 with the resultsof Mr. Snell’stest,yieldan
averagemodulusof 3.2 x 106 psi for the TRG-4structure.

v. MODALTESTINGAND RESULTS

The firsttestperformedon the TRG-4structurewas a low-load-levelex-
perimentalmodalanalysis. This testwas used to characterizethe initial

stiffnessof the modelwithoutintroducingdamageand to demonstratethat the
dynamicpropertiesof the structurecouldbe accuratelymeasuredat very low
load levels. Also, thesetestsprovidedan indirectmeasureof the concrete’s
modulusof elasticity.Two test setupswere triedwith the intentof obtaining
free-boundaryconditions.Both set-upsare depictedin Fig.7.

The firstattemptat obtainingfree-boundaryconditionswas to suspend
the modelwith nylonstrapsfroman overheadcrane. This test configuration
proveddifficultin that it was hardto alignthe structurewith the shaker
becauseof the coarsenessof the controlsystemof the crane. Also,when
technicianshad to climbon the modelto move accelerometers,the motion
inducedby theirmovementdid not dampenout readily.

The secondconfigurationconsistedof supportingthe modelby placing
five air bearingsunderits base. This configurationwas considerablybetter

becauseit was much easierto adjustthe heightof the modelby changingthe
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Fig. 7. Modaltest setup.

pressurein the air bearings,and the motioncausedby peoplewalkingon the

modeldampenedout much faster. Bothtestconfigurationsgave identicalvalues
for the fundamentalfrequencyof the structure. Free-boundaryconditionswere
chosenbecausethey can be most accuratelycomparedwith analyticalresults
from eitherfiniteelementanalysis(FEA)or strength-of-materials(SOM)
analysis.
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A 300-lb-peakforceshakerwas attachedusinga “stinger,”a thin rod that
can transmitonly axialforce,to the northwestend wall 4 in. from the bottom,
as shownin Fig.8. A transducer,locatedbetweenthe shaker’sstingerand the
model,measuredforceas the inputquantity. A randomexcitationsignalwith a
uniformpowerspectraldensitybetweenO and 200 Hz was used to drivethe
shaker. Accelerationresponsewas measuredin threeorthogonaldirectionsat
89 pointson the structure. The measurementpointsare shownin Fig. 9 (as the
intersectionsof two or more lines),alongwith the excitationpoint.

The forceinputand accelerationresponseswere recorded,transformedinto
the frequencydomain,and analyzedwith a commerciallyavailableexperimental
modalanalysissoftwarepackage. Coherencefunctionsshowedthat the 300-lb

Fig. 8, Modaltestexcitationmethod.
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UNDEFORMED STRUCTURE

46(/

76

Fig.9. Modaltest

shakerhad only enoughenergyto excite
cies. The frequencydomainrepresentat’

z
t

Y--l=-x
measurementpoints.

the structureat its resonantfrequen-
on of the inputand responsewas used

to calculatea set of frequencyresponsefutfctions.Typicalexamplesof the
frequencyresponsefunctionsare shownin Figs.10 and 11 and correspondto
responsesmeasuredat Points46 and 76 in they and z direction,respectively.
From theseplots,resonantfrequenciescan be identifiedfromzero crossings
in the real portionthat correspondto peaksin the imaginaryportion. Eight
resonantfrequenciesand correspondingmode shapeswere experimentally
identifiedbetweenO and 200 Hz. The mode correspondingto the fundamental

frequencyIs shownIn Fig. 12.
A finiteelementanalyticalmodalanalysiswas also run for comparison

with the experimentalmodalanalysis. Half the structurewas modeledwith

free-boundaryconditionsat the base,and appropriateboundaryconditionswere

appliedalongthe planeof symmetryso thatall modesbelow200 Hz couldbe
identified.The undeformedmesh and the firstthreemodescorrespondingto

asymmetricboundaryconditionsare shownin Fig. 13a,and a directcomparison
betweenan experimentaland FEA mode is shownin Fig. 13b. Actualmeasured
materialpropertieswere used in thesecalcul~tions(modulusof elasticityof
concrete= 3.23 x 106 psi). A comparisonof the correspondinganalytical
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and experimentalmodes is presentedin TableIV. The modes,which showedUp

in the FEA but did not showup in the experimentalmodalanalysis,were not
sufficientlyexcitedby the amplitudeand directionof the appliedexcitation.
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MODE 5, 111tiz
EXPERIMENTALLY DETERMINED

MODE5, 111t-iz
DETERMINED WITH ABAQus

F.E.PROGRAM

Fig. 13(b). Comparisonof an experimentallymeasuredmode shapeand the
correspondingmode determinedby finiteelementanalysis.

TABLE IV

COMPARISONOF EXPERIMENTALAND
ANALYTICALMODALANALYSISRESULTS

FEA with SOM with
Mode Experimental MeasuredModulus MeasuredModulus

1
2

;
5
6
7
8
9
10
11

37.1
79.2
88.3
100
111
122
a

141
a

172
a

36.3 22.2b
77.8
86.0
102
111
120
130
136
143
154
162

134

a Not identified.
b The differencebetweenthisvalueand the FEA is attributedto

the restraintof warpingprovidedby the base and top slab.
This restraintis not accountedfor in the strength-of-
materialsanalysis. Restraintof the warpingwould stiffen
the structuretorsionallyand increasethe naturalfrequency.
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A largershakerand/orchangein the directionand locationof excitationwould
have identifiedthesemodes. However,it was feltthe objectivesof the modal
testingwere accomplishedwith the one excitationlocation. Basedon the
fundamentalfrequencyand notingthat

fmeasured ‘measured
f =
calculated ‘calculated ‘

wheref is frequencyIn Hz, a comparisoncan be made betweenthe low-load-level

dynamicstiffnessand the calculatedstiffnessfromFEA. The measuredstiff-
nessas a percentageof theoreticalis summarizedfor variousmodullvaluesin
TableV.

TABLEV

THE RATIOOF MEASUREDSTIFFNESSTO STIFFNESS
CALCULATEDBY FINITEELEMENTANALYSIS

FORVARIOUSVALUESOFEc

MeasuredE Ec = 57,000@ c
Km/Kt 1.04

E = 33w312~
0.92 0.98

Finally,by adjustingthe modulusin the finiteelementanalysisso that
the fundamentalfrequenciesmatchthe measuredfundamentalfrequency,one can
indirectlyestimatethe actualmodulusof the concretein the TRG-4model. The
valueof Ec thatmade the FEA agreewith the measuredfundamentalfrequency.
was 3.37 x IOb psi.

The resultsof the experimentalmodalanalysisshow
with the analyticalmodalanalysesand seemto verifyMr
aboutthe initialstateof the TRG-4modeland thatthe ~
very closeto theoretical.When examiningthe results,

excellentagreement
Snellls conclusions

nitialstiffnesswas
t shouldbe remembered

that If nonlinearitiescausedby crackingor voidshad existed,theywouldhave
producedexcitation-amplitude-dependentresponsein the structureand that,at
the load levelsused in thistest,the effectsof thesenonlinearitiesmight
not haveappeared.
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The liftingof the TRG-4structureduringthe modalanalysiswas the only
handlingof the structureduringthe entiretestingsequenceand amountedto
liftingthe structurea few feetverticallyand replacingit on the base.

VI. STATICTEST SETUPANDLOADSEQUENCE

After the modaltestinghad been completed,the structurewas boltedto
the loadframebase (Fig.2). Two 2-in.-thicksteelplateswere placedon top
of the base,groutedlevel,and thirty-sixl.25-in.-diametersteelboltswere
placedthroughthe platesand base in an attemptto obtaina trulyfixed-base
boundarycondition. The boltswere torquedto 400 ft lb. Next,the two 6-in.-
thicksteelplates(Fig.2) were placedon
and held in placeby thirty-six1.25-in.-d
ft lb. Becausethe loadwas to be applied
6-in.-thicksteelplate,the connectionof

top of the model,groutedlevel,
ametersteelboltstorquedto 400
by a forceactingon the bottom
thesesteelplatesto the concrete

slabwas designedto providea frictionconnectionand to producea distributed
loadover the top of the structure. This typeof loadingis more indicative

of thatintroducedby a seismicevent.
The loadframewas thenassembledaroundthe model,and an instrumenta-

tion framewas also assembledaroundthe model independentlyof the loadframe.
Twenty-fourOno-SokkiEG-233displacementtransducerswere placedon the model
and on the instrumentationframeat the locationsshownschematicallyin Fig.
14. Ten gages were mounted on the model itself,providingrelativedisplace-
ment readingsthatwere independentof any rigid body rotationand translation.
Of theseten, eightwere locatedon the shearwall and were used to obtainthe
readingsnecessaryto separatethe shearand bendingcomponentsof displace-
ment. Overallstructuraldeformations,includingrigid bodymotion,were
monitoredwith the remaining14 gagesattachedto the loadframe. These

externalgageswere also used to measuretorsionalmotionand slidingshearat
the baseof the structure. Beforethe actualtestcycles,0.375-in.-gage
blockswere placedbetweenthe displacementgageson the exteriorframeand
the modelto measurethe deformationof the instrumentationframecausedby
the returnspringforceof the gage. This deformationwas foundto be less

than the resolutionof the gages(4 x 10-5in.)and was consideredto intro-

duce insignificant error into the data acquisition.
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Fig. 15. Load history,force
versusloadstep.

An ENERPAChydraulicactuatorwas
used to loadthe structure,and
forceinputwas monitoredwith a
loadcell locatedbetweenthe
actuatorand the steelplate. At
specifiedloadincrements,the
straingages,displacementtrans-
ducers,and loadcellwere scanned
with an HP 3497Adata scanner and
were recordedon floppydisks by
an HP 87 computer. After some
Initiallow-leveltests to check

out the instrumentation, the load

history shownin Figs.15 and 16
was followeduntilthe structure
wouldno longerhold the applied
load. Each integeron the hori-
zontalaxis in Figs.15 and 16
representsa pointat whichthe
datawere scanned. The complete
loadreversalsshownin this load
historywere intendedto represent
the forcesinducedin a Seismic
CategoryI structureduringseismic
excitation.The breaksin the load
historyat the end of a cyclewere
the resultof zeroingthe displace-
ment gagesand load cell before the

start of the next cycle. This dis-

continuity was accounted for in the
finaldata reductionby updating

the totaldisplacementsand loading
recordedon each record.

26



0.0

\

-3.0 I [ ! I ! 1 1
0 76 w 226 300 375 460

LOADSTEP

Fig. 16. Loadhistory,averagebase
shearstressversusload step.

VII. PRINCIPALRESULTSASREDUCEDFROMTHEINTERIOR
GAGESAND COMPAREDWITH SOM THEORY

The overallhorizontaldeformationversusload,as determinedfrom the
interiorrelativedisplacementgages,is shownin Figs.17-27for the entire
loadhistoryand for each individual load cycle. This is the displacement at

the top of these gages relative to the bottom of the gages. Because the dis-

placement field over this regionis nonhomogeneous,the displacementscomputed
in this manner represent an average value for the wall. The method for com-

puting the horizontal displacement is illustrated in Fig. 28, and, with the

instrumentation used in this test,fourvaluesof horizontaldisplacement
couldbe determinedand averaged. Also, it is assumedthat thesedisplacement
valuesdo not significantlychangewhen extrapolatedto the exteriorof the
structure. This assumptionwas verifiedwith a two-dimensionalFEA of the
shearwall (AppendixD). From thisanalysis,the horizontaldisplacementat
the terminalpoint,PointC in Fig.29, of the diagonalgage had a displacement
of 6.669 X 10-3 in. when subjectedto a 100-psiABSS,whilethe exterior
point,D, at the sameelevationhad a displacementof 6.694x 10-3in.,a
0.4% difference. The data from the interiorrelativedisplacementgagesis
independentof rigidbody rotationand translationand the assumptions
necessaryto removethosequantities.
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averageof the internalgage readings.
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The structureexhibitedlinearresponsethroughall of the 50-psiand 100-
psi ABSS loadcyclesand the measuredstiffnessesduringtheseprecrackingload
cycles,basedon the averagedisplacementsdeterminedfrom the interiorgage
readings,were

‘T = 8.5 x 106 lb/in.,

‘B = 52.6 x 106 lb/in.,and

‘s= 10.2 x 106 lb/in.
The methodfor separatingthe horizontaldisplacementinto shearand

bendingcomponentsis summarizedin AppendixD. A comparisonof data reduced
from the externaland internalinstrumentationis given in Section VIII.

During the initial loading of the first200-psiABSS load cycle, the

structure cracked at a loadof 71,000lb, and crackingwas againobservedat a
load levelof 65,000lb duringthe reversecycle. Aftercompletionof this
loadcycle,visualinspectionrevealedseveraldiagonalcracksin the shear
wall. The structureappearedto behavein a linearmannerduringthe subse-
quent200-psiloadcycles;however, the stiffness was reduced by a factor of

tWO from the uncracked value. In terms of percentage, the loss of stiffness

occurred almost equally in the shear and bending components. The new values

of stiffnesswere

‘T = 4.05 x

‘B = 23.0 X
‘s= 4.91 x
The structure

106 lb/in.,
106 lb/in.,and
106 lb/in.
reachedits ultimatestrengthduringthe initialloadingof

the first300-psiloadcycle. At the ultimateloadof 140,000lb, a large
horizontalflexuralcrackopenedcompletelythroughthe tensileend wall and
propagatedat approximately45° throughthe shearwall. Other shearcracks
alsoopened,and previouslyexistingcracksextended. Duringthe reverseload
cycle,the structurewas able to sustaina loadof 125,000lb. Similarcrack-
ing occurredduringthisreversecycle,but thesecrackswere not as pronounced
as theywere in the initialportionof the cycle. The finalcrackpatternson

both sidesof the shearwall are shownin Figs.30 and 31. The horizontal
cracksvisiblein the end wall were the ones producedduringthe initialload
increaseof the failurecycle.
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Finalcrackpatternin the southsideof the shearwal1.

Initial ly, the responseduringthe final50-psi
with stiffnessvaluesof

‘T = 5.42 x 105 lb/in.,

‘B = 48.4 x 105 lb/in., and

‘s= 6.11 x 105 lb/in.

oad cycleappeared1inear

However,duringunloadingafterthe initialforceincreaseand duringthe load

reversal,the displacementsappearednonlinear.
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Fig. 31. Final crack pattern in the north side of the shear wall .

Theoreticalstiffnessesthat can be comparedwith stiffnessvalues
computedfrom the measuredrelativedisplacementreadingswere determined
usingCastigliano’stheorem. By examiningthe free-bodydiagramin Fig.29,
the expressionfor internalstrainenergystoredin the structurebetween
SectionsA-A and B-B can be writtenas

1

L L

PM+Px+wx) 2

f’

2
u = 2EI dx+ ‘+W) dx ,2AeG

o 0
(1)
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where

u=
M=
P =

w=
E=
1=

G=
Ae =
L=

internalstrainenergy,
momentat SectionA-A,
shearforceat SectionA-A,
Imaginaryunit load,
concretemodulusof elasticity,
cross-sectionalmomentof inertia,whichincludes
entireend wall but neglectssteeleffects,

shearmodulus,
effectivesheararea,and
lengthof the wall betweenPlanesA-A and B-B.

Basedon this expressionfor the internalstrainenergyand on standard
energyprinciplesdescribedby Popov,19 the horizontaldisplacementof the
structureat PlaneA-A relativeto PlaneB-B can be determined,and the stiff-
nessof this portionof the structurecan be expressedas

This totalstiffnessmay be decomposedintoa bendingcomponentand a shear
componentyielding

6EI
‘B.= 2L3 + 3hL2 ‘

and

~

‘S = L “
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TableVI summarizesthe variousstiffnessvaluesthat couldbe calculated
for thistest structure,dependinguponhow effectivethe end wallsare assumed
to be and alsodependinguponwhichvaluefor modulusof elasticityis used.

The averagepeak straingage readingson the rebarfor the 50-, 100-,and
200-psiABSS loadcyclesare plottedin Figs.32-37. Also shownon theseplots
are the strainscalculatedfrom FEA and SOM. In the linearregion,consistent
resultswere obtainedfor both the end wall and the shearwall. Theseresults
comparedverywell with the calculatedstrainvalues(FEAand SOM). Duringthe
200-psiABSS cycle,crackingcan be identifiedby the largejump in strain
values,particularlyat the northportionof the end wall.

Basedon the resultsof the modalanalysisand the initialprecracking
loadcyclesup to 100-psiABSS,the initialstiffnessof this structureis
within96-99%of the theoreticalstiffnessas determinedfromeithera finite

TABLEVI
THEORETICALSTIFFNESSVALUES

[ffect of End

/

Hall cm the Average
Moment of Modulus from Test Modal

inertia of Cylinder 57.000\fc 33U’”W Ultrasonic Analysis
Elasticity 3.23 X 1ofJ pSi 3.68 X 1ofJ pSi 3.43 X 106 f)Si 3.2 X 106 PSi 3.45 X 106 pSi

Full Section KT = 8.42 X 106 9.60 X 104 8.95 x 106 8.35 x 106 9.00 x lo”
2.78 x 106 in.4 KB= 50.6 X 106 58.1 x 106 54.7 x 106 50.6 X 106 54.0 x 106

Ks = 10.1 X 106 11.5 x 106 10.7 x 106 10.0 x 106 10.8 X 106

AC1 1 Beam Criteria KT = 5.81 X 106 6.62 X 106 6.17 X 106 5.75 x 106 6.20 X 106

7.46 x 105 in.4 KB = 13.7 X 106 15.6 X 108 14.6 X 108 13.5 x 106 14.6 X 106

KS = 10.1 X 106 11.5 x 106 10.7 x 106 10.0 x 106 10.B x 106

.
Total Neglect K, = 4.02 X 106 4.58 x 106 4.27 X 106 3.98 x 106 4.29 x 106

of End Walls K8 = 6.68 X 108 7.61 X 106 7.10 x 106 6.61 x 106 7.12 X 106

3.645 x 105 in.4 Ks = 10.1 X 106 11.5 x 10E’ 10.7 x 106 10.0 x 106 10.8 x 106
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Fig.B-1. Compressiontest set-up.

.\.!..
1 .-AREi

Fig. B-2. Failedcompressiontest specimen.



Fig. B-3. Failuremode of compressiontest specimen.

Fig. B-4. Indirecttensiontest set-up.

105



Fig.B-5. Failedtensiletest specimen.
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APPENDIXC

ULTRASONICINSPECTIONOF TRG-4
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2~8fourthAvenue

EdwordsvilleIL62025

A419LWEAA.-
AmNELA. PhEmr
CONSTRUCTION& MATERIALSCONSULTANT

Olfice (618)692-25
krne (618) 692Q5

January 21, 1987

Joel Bennett
Los Alamos National Laboratory
MS J576
Los Alamos, NM 87545

Subject: Inspection of TRG-4 Model
Los Alamos National Laboratory
Los Alamos, New Mexico
Our Job No. LS88-341

Gentlemen

The writer has completed the inspection of the above
referenced model. The purpose of this inspection was to
determine the uniformity of the concrete and to determine if the
concrete contained flaws. This report documents our findings.

On January 15, 1987, the writer examined the TRG-4 model.
The examination consisted of two separate inspections. The first
was a visual inspection using hand-held magnifying glasses. The
second inspection was to determine the velocities of ultrasonic
waves through the concrete.

The visual inspection indicated that the model did not
appear to have external flaws.

The velocity of the ultrasonic wave was determined by
measuring the wall thickness and measuring the time for the
ultrasonic wave or a pulse to travel from a sending transducer,
through the concrete to a receiving transducer; the velocity of
the ultrasonic wave or the pulse velocity was then calculated by:
pulse velocity = distance divided by time.

Past experience and research has shown that the pulse
velocity value can be related to concrete strength and the static
modulus of elasticity. Also if the pulse velocities are
relatively uniform, then the concrete is of uniform quality and
without flaws.

The equipment is generically called pulse velocity
equipment. Our equipment is manufactured by James Electronic
Company and is called the V-meter.
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During our testing the tollowlng was determined:

1.

2.

3.

4.

5.

6.

7.

8.

Test Cylinders: Four 6 x 12 inch cylinders were
examined to determine pulse velocities (2 from each
load of concrete). These pulse velocities range from
13,160 to 13,510 feet per second with an average
velocity of 13,290 feet per second.

Shearwall: 63 pulse velocities were determined for the
shear wall. These pulse velocities ranged from 11,900
to 14,710 feet per second with an average of 13,260
feet per second. The wall was assumed to be
uniformly 6 inches. The areas or the lowest pulse
velocities appeared to be where the forms have moved
during construction and where the walls may be greater
than 6 inches thick. (NOTE: The variation in wall
thickness appears to be less than 1/4 inch).

Base: 24 pulse velocities were determined on the base.
The pulse velocities ranged from 14,150 to 15,300 feet
per second with an average velocity of 14,770 feet per
second.

Roof: 50 pulse velocities were determined on the roof.
The pulse velocities ranged from 13,640 to 15,000 feet
per second with an average velocity of 14,190 feet per
second.

Northwest Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,500 to 14,290 feet per second with an
average velocity of 13,250 feet per second.

Northeast Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,500 to 13,900 feet per second with an
average veloci:y of 13,270 feet per second.

Southwest Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,820 to 14,290 feet per second with an
average velocity of 13,220 feet per second.

Southeast Wing Wall: 12 pulse velocities were
determined on this wing wall. These pulse velocities
ranged from 12,500 to 13,900 feet per second with an
average velocity of 13,270 feet per second.

The pulse velocities of the four concrete cylinders were
nearly identical. This indicates that the concrete strength and
static modulus of elasticity for each load of concrete would be
similar.

The pulse velocities in the model were fairly uniform and
similar to the pulse velocities of the tested cylinders. This
indicates that the concrete in the structure is of uniform
quality and that the concrete strength and static modulus of
elasticity of the model can be accurately determined from the
concrete cylinders.
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Since the pulse velocities were fairly uniform and the
visual inspection did not indicate any external flaws, it is our
opinion that the concrete model does not contain internal flaws.

The use of pulse velocities to estimate compressive strength
and static modulus of elasticity is inexact and should be used
only to indicate approximate values. Using the generalized data
developed from past research, the compressive strength would be
in excess of 3,000 psi and static modulus of elasticity would be
in excess of 3,000,000 psi.

It has been a privilege working with you on this project,
If you have any questions or if we can be of further service,
please do not hesitate to call.

Very truly yours,

.@

-’--&p&&2
Luke M. Snell, P.E.
Consultant

,
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FIELD MEASUREMENTS

Cylinderu - 6 x 12 ~nchea

?lrst Truck TSme x 10-6second6

Cy13nder 1 76
Cyllnder 2 26

Second Truck ‘\

Cyllnder 1 7s
Cyl$nder 2 74

SHEARWALL - THICKNESS= 6 INC?IZS

Readings on ●pproximatelyone foot intervals;measuredfrom east
wall.

Distance from base Time x 10-6seconds
( $nches )

s

1?

25

37

49

61

73

82

88

36, S5, S4, 37, SIS,3?, S7

S5, 38, 35, S5, S7, 38, 37

S8, 36, 34, 39, 36, S9, 38

40, 40, 38, 41, $9, 39, 40

38, 39, 37, 38, 39, s?, s?

39, 37, 37, 37, 39, 39, 36

S8, 39, 40, 36, 37, 37, S7

39, 40, 38, 38, 38, 38, 38
----

38, 42, S8, S9, $8, 3B, 3B



BASE - THICKNESS = 8 INCHES

Readings on approximately one foot intervals.

North Base, Time in 10-6seconas

20 inches from 50, 51, 51, 52, 51, 49
East Wing Wall

20 inches from 51, 50, 52, 52, 53, 53
West Wing Wall

South Base,

20 inches from
East Wing Wall

20 inches from
West Wing Wall

50, 49, 51, 50) 49, 50

49, 50, 51, 52, 52, 51

ROOF - THICKNESS = 8 INCHES

Readings on approximately one foot intervals,

North Roof Time in 10‘6seconds

3 inches from 54, 54, 54, 54, 54, 55
East Wing Wall

Centerline 51, 53, 52, 53, 53, 54

3 inches from 54, 54, 55, 55, 54, 55
West Wing Wall

At Shear Wall 53, 53, 53, 54, 54, 52, 53

South Roof

3 inches from 51, 53, 52, 53, 53, 52
East Wing Wall

Centerline 53, 53, 51, 50, 53, 51

3 inches from 51, 51, 51, 52, 52, 52
West Wall

At Shear Wall 53, 52, 52, 53, !53,53, 53
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WING WALLS - THICKNESS = 6 INCHES

Reading on approximately 15 inch intervals.

Measured from Base Time x 10-6seconds
(inches)

North-West

3

39

64

88

35, 37, 37

37, 39, 37

36, 39, 40

39, 38, 39

North-East

3

39

64

88

South-West

3

39

64

89

South-East

3

39

64

88

3!5,37, 39

39, 37, 37

36, 38, 36

38, 40, 40

39, 37, 39

36, 35, 38

37, 39, 39

38, 39, 38

36, 36, 38

40, 38, 38

38, 36, 37

39, 37, 39



APPENDIXD

METHODSFOR SEPARATINGSHEARAND BENDINGDEFORMATION

This appendixprovidesthe analysisand procedures
used for data reductionand for designingthe
instrumentationfor separatingbendingand shear
stiffnesses.
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The displacementfieldover the entireshearwall is non uniform;hence,
the discussionof data reductionmust beginby definingthe deformation
quantitiesto be measured.

DEFINITIONS

TotalDeformation.Totaldeformationis definedas the sum of the
bendingdeformationand sheardeformation:

(D-1)

A = totaldeformation,

m = bendingdeformation,

M = sheardeformation.

The underlineindicatesthat the deformationsare vectorquantities.The
totaldeformation,as defined,is relatedto certainappropriatemeasureddis-
placementson the modelduringa test,and, in termsof measurements,it has
the form

4=AX+AY—— 3 (D-2)

whereQ + ~ are definedin Fig.D-l. &( and~ couldbe determinedfor
eitherthe upper leftor rightcornerof the model. Any differencewouldbe
dependentupon the rigidityof the top platein the model. The coordinate
systemdefinedin Fig.D-1 is the one used throughoutthis appendix.

ShearDeformation.Sheardeformationis definedas the displacementin the
X directionof the top of a modelwhen deformedin simpleshear,or

& = H tan Y Ex = H Y ex , (D-3)
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Fig.D-1. Componentof ‘totaldeformation.

Is the sheardeformation,

1s the heightof the model,

is the homogeneousshearstrain,

is the unitvectorin the x direction.

FigureD-2 illustratesthisquantity. In Eq. (D-3),it is assumedthat

the sheardeformationis small,or Y= tan Y. The valueofY used in
calculatingAS frommeasurementswill be the averageshearstrainover the
heightof the model. The shearstrainat the centercouldalso be used,but,

becausethereis somegradientin shearstrain,the averageover the modelis

more useful in describing the overall shear deformation.
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IN THE LENGTH SHOWN

Fig.D-2. Displacementmeasurementsfor
determiningsheardeformation.

The averageshearingstrainmay be foundby usingthe indicatorreading
on the two diagonalsshownin Fig.D-2 to findthe normalstrainalongeach

diagonaland then by usingthe straintransformationequationto find shearing
strainin the x-y coordinatesystem. Specifically,

II AMS
‘x = r ‘1

where

Li

is the normalstrainalongthe diagonalhavingthe
positiveslope,

is the normalstrainalongthe diagonalhavingthe
negativeslope,

is the initial length of the diagonal.

(D-4)

(D-5)



For the caseof pure shear,the normalstrains,Cx and Ey, in the
x-y coordinatesystemare zero,and, for this case,the straintransformation
equationsbecome

I Y
‘x =~sin2f3 ,

II

y sin (-2e) ,‘x = 2
\

\
where

(D-6)

(D-7)

0 is the angle between the unprimed and primed axis.

For pure shear,c; and c; wouldbe equalin magnitude. To

determineanaveragevaluefor the shearstrain,the equation

I I “ “ ““)Y
Aps I + IAM

avg = Li sin 2tl $ (D-8)

is obtained. The sheardeformationis definedin termsof this averageshear
strainvalue.

Bendinu Deformation. Bendingdeformationis definedas the displacement

of an end cornerof the canti1everedmodelas determinedfrom simplebeam
theory. FigureD-3 showsthisquantityand definesthe termsto be used in
the followingderivations.From Fig.D-3,

4B=A!M+AM . (D-9)

Hence,the bendingdeformationis definedin termsof the displacementof
eitherof the top cornersof the model, as evaluatedusingbeam theory. From
beam theory,

(D-1O)

and
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ABY =

where

—-ABX~
AB\

H

I
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NOTES 1.SKETCHDRAWNWITH AN ASPECT

RATIOTO EMPHASIZETHE
BENDINGDEFORMATIONS

2. ALB ANDARB ARE THE CHANGES
IN THE LENGTHSSHOWN

Fiq.D-3. Displacementmeasurementfor

P is the

H is the

E is the

I is the

determiningbendingdeformation.

! $1”=%) S

loadappliedto the end of the beam,

heightof the beam,

modulusof elasticity,

cross-sectionalmomentof inertia,

is the slopeat the end of the beam,

is the depthof the beam.

(D-n)
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The relativedisplacementmeasurementsmade duringa test thatwill be
usedto calculateABX and ABY are definedin Fig.D-3 as ALB and ARB.
Thesequantitiesare the changesin the defineddimensions.The derivationof
the equationsis basedupon linearbeam theoryas follows:

H
ALB = J edy ,

Y
o

where

&y is the strainin the outerbeam fiber~and

becausecry= E Cy ,

H

ALB =
\

~ dy .

For

ALB

and, sire’
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a cantileverbeam,Cy varieslinearlywithy, hence,

H

o

1arly,

ARB = -$ .

Usingthe deflectionof the end of a cantileverbeam ,

ABX = $ ,

(D-12)

(D-13)

(D-14)

(D-15)

(D-16)



and, assuming that the average of the measured quantities is proportional to

ABX,

ABX =

Here,K is

K(ALB- ARB) 3
2 ‘% “ (D-17)

the proportionality constant. By eliminatingK, P, E, and I from
the previous equat’

ABX = ~ (ALB

on, the deflectionmay be expressedas

- ARB) .

Usingthe slopeequation,ABY may be foundfrom

$ .d
H 2EI ‘

ABY = Bk u 3ABX
2 2EI = 2 2H ‘

m BX .ABY=4HA

(D-18)

(D-19)

(D-20)

(D-21)

The bendingdeflectionmagnitudeAB, is givenby

AB = (ABX2 + ABY2 1/2 .) (D-22)

The totaldeformationhas now beendefinedtwo ways. One way is based
uponmeasurementsof the x and y deflectionof the upperrightor leftcorner
of a structure,as shownin Fig.D-1. The secondmethodis to use the relative
displacementmeasurementsas definedin Figs.D-2 and D-3. When the relative
displacementmeasurementsare used,the equationfor totaldeformationmagni-
tude is

A= [(AS+ ABX)2+ (ABY)2]1’2 . (D-23)
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As a result of the assumptions made in deriving the above equation, one

wouldnot expectexactagreementbetweenthe totaldeformationvaluesas
determinedby thesetwo methods.

COMPARISONOF RESULTSFROM

The deformationdefin’
the displacementfieldsof
dimensional,planestress,
appliedto the lowersteel
actualloadingcondition.

ANALYSIS

tionspreviouslydiscussedwill now be appliedto
the TRG-4test structureas determinedby a two-
elastic,finiteelementmodel. A pointloadwas
plateon an finiteelementmodelto simulatethe
Eightnodeplanestresselementswere used in the

two-dimensionalmodelof TRG-4as shownin Fig.D-4. The bottomconcreteslab
was not modeledin the two-dimensionalanalysis,and nodesthatwould
correspondto the shearwall/bottomslabinterfacewere fullyconstrained.
Measuredaveragematerialpropertieswere used in the analyses. Thiswork was
done to studythe applicabilityof the definitions,the resolutionof the
transducersneeded,and othercharacteristicsof the measurementmethod. The
appliedload subjectedthe modelto an averagebase shearstressof 100 psi.
The deformedmesh for the structureshownin Fig.D-5. The resultsfromthe
numericalmodel includeddisplacementsand strains(cx,c , Yxy)
extrapolatedto the node points. Theseresultswere usedytodeterminethe
followingquantities:

1. Gage readingsof the deformationmeasurementsdescribedin Section1.

2. Shearstrainbasedupon the diagonalgage readings.

3. Sheardeformationbasedupondiagonalgage readingsand the shear
strainat a locationnearthe centerof the shearwall.

4. Bendingdeformationbasedupon the verticalgage readings.

5. Totaldeformationfromthe displacementsat the top of the model
(AX and AY) and from the verticaland diagonalgage readings.

TableD-1 summarizesthe pertinentdataobtainedfrom the finiteelement
modelanalysis,and the calculationsusingthe TRG-4dataare describedin
detailbelow.
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Fig.D-4. Two-dimensionalfinite Fig.D-5. Deformedshapeof
elementmodelof TRG-4. TRG-4when subjected

to 54,000-lbload.

TABLED-1

DATA FROM2-D FINITEELEMENTANALYSISOF TRG-4a

d
;
3
4
5
6
7
8
9

10
11
12

Horizontal
Displacement

Ax (in.)
n

6.9514; 10-3
6.9398X 10-3

3.6339: 10-4
6.3004X 10-3
6.2672X 10-3
3.3742X 10-4

3.3690; 10-4
6.3315X 10-3
6.9316X 10-3

Vertical
Displacement

AY (In.)
o

-7.1860X 10-4
1.0137x 10-3

1.7480~ 10-5
-5.6096X 10-4
8.8734X 10-4
1.0625X 10-4

n

-2.2061~ 10-4
-1.0032X 10-3
-1.0018X 10-3

a
b

c

Totalhorizontalforce= 54,000lb.
Node locationsare shownin Fig.D-6. Nodes5-8
correspondto the terminalpointsof the relative
displacementgages.
Shearstrainat the centerof the shearwall
x 73.04x 10-4radians.

I
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calculationOutline
FigureD-6 showsthe locationof the nodeswhosedisplacementshavebeen

reportedfor TRG-4in TableD-1. Nodes1 and 4 have no displacementcomponents
becausetheywere constrainedby the fixedboundaryconditionassumedto be
providedby the bolted,rigidbase. The diagonalgagesshownin Fig.D-2
were assumedto run fromNode 1 to Node 3 and fromNode4 to Node 2. The
verticalgagesshownin Fig.D-3 were assumedto run fromNode 1 to Node2 and
fromNode 3 to Node4. Basedon the displacementscomputedfor the four

nodes,the readingson the fourgageswouldbe as follows:

In Fig.D-2,

APS = 5.311
and

MS = -5.096

12
11

10
9

Xlo ‘3 In.

-3x 10 in.

(D-24)

Fig.D-6. Sampleproblemnode locations.

124



In Fig.D-3,

ALB = 1.0140x 10-3 in, (D-25)
and

ARB = -7.1833x 10-4in.

Even if thesevaluesare dividedin half so that theycorrespondto the
peak readingsduringa 50-psicycle,the displacementswill be detectedby
gagesthat can read accuratelyto 4 x 10-5in.

It is assumedthat the diagonalgagesare measuringdeformationscaused
by pure shear and that the averageshearstrainis givenby Eq. (D-8).

In Eq. (D-8)$Li is the initialdistancebetweenNodes 1 and 3 (or Nodes
2 and 4), and e is definedin Fig.D-2. Substitutingthe appropriatevalues
fromEq. (D-8)yields

IYavgl= 66.07x 10-6radians.

It is againemphasizedthatthis is an averagestrain
entirewall and that an actualwall and the computermodel
nonuniformstrainfield. The averagestrainin the center
computermodelwas used for comparison.This strainvalue

Yavgc= 73.04x 10-6radians .

(D-26)

valueover the
will have a
elementof the
is

(D-27)

The lateraldeformationof the top of the structure,assumingpure shear,
is givenby Eq. (D-3).

Using the valuesfor the averageshearstraincalculatedfrom the diagonal
gage readings,the lateraldeformationcausedby shearis

AS = 5.9461x 10-3 in.~x .

If the averageshearstrainfor the center
is used,the lateraldeformationbecomes

(D-28)

elementin the finiteelementmodel
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As = 6.5736x 10-3in.~x . (D-29)

Now, if we assumethatthe verticalgagesmeasuredisplacementcausedpurely
by cantileverbending,then the displacementcomponentsare givenby Eqs.D-18
and D-21. Substitutingthe appropriatevaluesin thoseequationsyieldsthe
followingcomponentsof cantileverbendingdisplacement:

ABX = 1.4983x 10-3 In., (D-30)

and

ABy = 9.7390x lo-4in. (D-31)

The magnitudeof the totalbendingdeformationis givenby Eq. (D-22).

Substitutlngthe componentsof the bendingdeformationin Eq. (D-22)
yields

AB = 1.7870x 10-3 in. (D-32)

The totaldeformationwas definedas the vectorsum of the deformation
causedby bendingand deformationcausedby shear. Rememberingthat the
deformationcausedby shearhas a componentin the horizontaldirectiononly,
the magnitudeof the totaldeformationis givenby Eq. (D-23),

A = 7.5078x 10-3 In. (D-33)

This valuecan be comparedwith the magnitudeof the totaldeformation
computedat eitherNode 2 or Node 3. For Node2,

A2 = 7.0134x 10-3in., (D-34)

and, for Node 3,

‘3 = 6.9884x 10-3in. (D-35)
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The totaldeformationas determinedfromthe sum of the averageshearand
pure cantileverbendingdisplacementcomponentsis about7.2% largerthan
eitherof the computeddisplacements(Node2 or Node 3). This increasecomes
as no surprisebecausethe diagonalgages,fromwhichthe sheardeformations

were determined,give an averagevalueof shearstrainin the wall,and they
may be influencedby the cantileverbending(or bendingmomentgradient)in
the wall. Similarly,the verticalgagesfromwhichthe bendingdeformationis

determinedmay be influencedby the sheardeformations.Hence,perfect
agreementcannotbe expected.

This data reductionmethodhas been suggestedbecauseit permits

Independentdeterminationof bendingdeformationand sheardeformationwhich
preventserrorsor the effectsof departureof actualbehaviorfrom idealized
behaviorin one of the deformationquantitiesfrom introducingerrorsor
uncertaintiesin the other.

A thirdmethodfor determiningthe totaldeformationcan be developedby
examiningFig.D-7. From Fig.D-7,

3

/’/
/

/

/

/

/

w
AX =(DI +APS)COS4-W

AY-(DI +APS) sh~ - L

ra+(q +APS)2- (L +ARB)2
+ -cos-~

2 W(DI +APS) 1
APS =DIAGONAL DISPLACEMENT GAGE READING
ARB -VERTICAL DISPLACEMENT GAGE READING

Fig.D-7. A thirdmethodfor calcu-
latingtotaldeformations.
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Ax = (Di + APS) COS $ _ W ,

AY = (Di + APS) sin $- L ,

W2 + Di +APS 2 - (L + ARB)2
o = Cos-’ 2 w D1 + APS

(D-36)

(D-37)

. (D-38)

Thismethodeliminatesthe assumptionthatthe angle$ in Fig.D-2
remainsunchangedduringthe deformationprocess. It was used to determine
the totalstiffnessvaluesreportedin the main report.

It is of interestto use valuesin Eqs. (D-24)-(D-26)for the analytical
deformationfieldon the shearwal1 presentedin TableD-1, 1.e.,for

ApS = 5.3111x 10-3 in.,

ARB = -7.1833x 10-4 tn.,

and

w = 78 In.,

L = 90 in.,

Di = 119.0966in.

Rearrang~ngEq. (D-23)yields

AS = -ABX * ~A2 - ABY2 ,

and

AS = 5.4224x 10-3 tn.

This compareswith 5.9461x 10-3 In. usingthe averagestrainmethod,an 8.8%
difference.The deformationsused to calculate the bendingstiffnesses
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reported in the main report were calculated as shownin Eq. (D-18). Shear

deformationsreportedwere calculatedas shownin Eq. (D-39). For the ideal
case,geometricallyconsistentresultsare obtained,i.e.,the totaldeforma-
tionmay be calculatedfromgagemeasurements,or the gagemeasurementsmay be
calculatedfrom the displacements.

Use of the diagonaldisplacementto calculatea totaldisplacementdoes
requirethat the diagonalgagesand the verticalgageshave the sameterminal
points. Also, the resultingtotaland sheardeformationwill not be for the

completeshearwall but for the segmentinsidethe gage points. A smallamount
of extrapolationto encompassthe entireshearwall shouldbe satisfactoryfor
the precrackeddata. This extrapolationwith the finiteelementanalysisdata
producednegligiblechangesin the horizontaldisplacementswhen the datawere
extendedalonga horizontalplaneto the exteriorof the structure. Data for

sucha comparisonare providedin TableD-1.
Thereis one potentialadvantageof usingboth the shearand bending

deformationsof the shearwall segmentand the shearand bendingdeformations
of the completeshearwall (baseduponoveralldisplacementmeasurements).
Insightmay be gainedfor understandingthe contributionof the crackingat
the wing wall jointsby changingthe proportionof the shearand bending
deformationin the totaldeformation.

From the analysisof the numericalmodel,the followingconclusionscan
be made. It must be rememberedthat theseobservationsare baseduponan
analyticalmodel loadedto a fairlylow nominalshearstresslevel(100psi).

1. The totaldeformationdeterminedby the methodsdiscussedin this
appendixagreewithin7.2%.

2. Measurementerrorscausedby the resolutionof the digitaldisplace-
ment gageswill not significantlyaffectthe results.

3. The totaldeformationdeterminedfromdisplacementsof the two top
cornersof the modelagreewithin1%.

4. The nonuniformdistributionof shearstraincausesthe valueof shear
straincalculatedfromgage readingsto be smallerthan the valueat
the centerof the shearwall as determinedfromthe finiteelement
analysis.
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